Control of gene expression is achieved through the coordinated action of various cis-and trans-acting factors including matrix attachment regions (S/MAR), locus control regions (LCR), gene methylation, transcription factors, enhancers and silencers, and promoters (1) (2) (3) . Promoter regions comprise the genomic DNA sequences found upstream from the transcribed sequence but often overlap with, or include, the first exon of a gene. Promoters are the central processors of transcriptional control, as the regulatory information contributed by the other elements must be integrated within the context of a promoter in order to influence gene expression (1) .
Promoters linked by regulatory networks help orchestrate the expression of gene products expressed within the same biologic context: for example, gene products that comprise developmental or signal transduction pathways, or a set of genes linked to the response of a tissue to stress (4, 5) . When high throughput approaches such as DNA arrays or microchips are applied to characterize gene expression, the data gathered after clustering can reflect the effects of these regulatory networks. Understanding how networks of promoters are organized provides insight into when and how the expression of specific genes is controlled and expands the capability of target identification and characterization.
The DNA sequences that comprise promoters do not provide much direct information about regulation. Promoter function is not coupled to fixed stretches of sequence homology, but rather to highly variable elements representing individual transcription factor binding sites that act as a binding site for their cognate protein. The sites are generally composed of 10 to 30 nucleotides; of these, usually only a small core of nucleotides, often separated by nonconserved sequences, establishes the criteria for a binding site. Because of this inherent variability, transcription factor binding sites cannot be efficiently described by their individual sequence. However, the flexibility of these sites can be defined by either an IUPAC consensus sequence or by weight matrices. IUPAC consensus sequences use ambiguous symbols (e.g., BϭC, G or T; RϭA or G) to describe the variability of nucleotide usage. A weight matrix is represented by a 2-dimensional table of numbers that reflects the nucleotide preferences for the individual positions of the aligned transcription factor binding sites and is ideally derived from a set of functionally characterized binding sites for the given transcription factor (6 -9) . A score derived from "matches" of the weight matrix to a DNA sequence can be used as an estimate of the relative efficiency of a specific transcription factor protein binding to the sequence. Binding affinity (and thus biological significance) is estimated to occur above a certain threshold score. Software that allows detection and characterization of individual binding sites is available from several sources, including Signal Scan (http://bimas.dcrt.nih.gov/molbio/signal) (10), MATRIX SEARCH (6), or MatInspector (http://www.gsf.de/ biodv) (7) . A large collection of functional binding sites derived from the literature can be found in the TRANS-FAC database (web page http://transfac.gbf.de/TRANS-FAC/) (9) .
Binding site detection is clearly important for promoter regulation, and in yeast it has been helpful in elucidating promoter function. Pipel et al. used computational approaches based on DNA array data to study genome-wide transcriptional regulation (11) . By combining DNA array data with annotation of the yeast genome, the authors were able to identify novel transcription factor motif combinations in the promoters of coregulated genes. These motifs appear to affect specific mRNA expression patterns during the cell cycle, sporulation, and in response to various stress responses.
The authors observed what appears to represent regulatory cross-talk among these processes. These results elegantly demonstrate that a relatively small number of transcription factors can be responsible for a complex set of expression patterns in diverse conditions.
In this review, we will outline how to locate mammalian promoters, detail how promoter analysis, especially definition and detection of promoter modules, can be linked to cell-and tissue-specific transcriptional regulation, and demonstrate the viability of these concepts using an example of the RANTES/CCL5 chemokine promoter organization.
PROMOTER IDENTIFICATION
Obtaining the promoter regions for a series of genes is a prerequisite for promoter analysis but still a significant problem in many cases. A series of methods has been developed to identify promoter regions. Characterized promoters can often be obtained from various databases (annotated promoters in PubMed or the "Eukaryotic Promoter Database" of the ISREC (EPD, http://www.epd.isb-sib.ch). It is also possible to obtain promoter sequence from the direct mapping of cDNA into genomic sequences. Promoters are found immediately upstream of, or overlapping with, the site of transcriptional initiation (the CAP site at far 5Ј end of the mRNA). Thus, when the complete 5Ј untranslated mRNA sequence is available, promoter sequences can be reliably obtained from genomic sequences by exon mapping. However, care should be taken when using this approach, as many cDNA sequences do not include the complete 5Ј untranslated region. In addition, noncoding exons can often be found within the 5Ј untranslated regions of genes, which means that the true promoter region may be found well upstream of a partial 5Ј untranslated sequence. In the past few years promoter prediction programs have been generated that appear to able to identify ϳ50% of promoters from genomic sequence and thus can be used to locate some promoters directly in the genomic sequence if incomplete cDNA renders mapping ineffective (Dragon promoter finder: http://sdmc.krdl.org.sg/promoter; PromoterInspector: http://www.genomatix.de) (12, 13).
PROMOTER MODULES AND FRAMEWORKS: MEDIATORS OF TISSUE AND SIGNAL-SPECIFIC EVENTS IN HIGHER ORGANISMS
Although binding site detection is important in higher organisms, it is generally not sufficient to elucidate promoter function. In more complex systems the functional transcription factor binding sites within promoters are organized hierarchically (14, 15) (Fig. 1A) . This dramatically increases the potential specificity and selectivity available to effect gene regulation (1, 16) . These organizational features appear to be the mammalian functional equivalent of individual elements in yeast (5) . Combinatorial biology appears to be the key to understanding regulation in higher organisms where promoter function is determined more by the functional context within which the binding sites are located (5) . Promoter modules represent the next level of functional organization after individual transcription factor binding sites. We define promoter modules as two or more individual elements that act in a coordinated way (either synergistically or antagonistically) with the contributing elements arranged within a defined distance and sequential order (Fig. 1A, B) (15, 16) . Work to date suggests that promoter modules can be pathway or cell type specific (15) and, in this regard, can mediate the transcriptional response to specific signal transduction pathways (17, 18) , cell type-specific expression, and events central to developmental regulation (19) . A given promoter module may show a robust stimulusspecific response in one tissue but in a second cell type may not be functional. This can result, for example, from a different complement or concentration of specific transcription factors or from selective signaling events further upstream in an activation pathway. Promoter modules can also exhibit cooperative protein binding and often include one binding element that represents a "poor" binding site for a specific transcription factor (17) . Through cooperative effects, the stronger binding protein partner can stabilize the binding of the weaker partner, but the loss of either binding site abolishes function. This highlights an important aspect of transcriptional regulation, namely, that a weak binding site embedded in the correct context can be functionally as important as a strong binding site. Thus, scanning sequences with weight matrices and selection of statistically significant correlations between pairs of binding sites cannot reliably detect modules. Detecting several elements, one of which may not represent a strong binding site, can make detection of modules within promoter sequence using simple analysis for transcription factor binding sites a difficult process.
Although much can be learned concerning tissue and signal-specific gene regulation from the identification and characterization of promoter modules, they represent only one part of promoter architecture. Additional transcription elements working in concert with modules appear to fine-tune promoter regulation (15, 20) . These larger structures are referred to here as promoter frameworks (15) . Frameworks associated with a specific biologic function or gene expression pattern are often conserved in promoters whereas unrelated binding sites exhibit random occurrence within these promoter sequences.
Eukaryotic polymerase type II promoters (the promoters that control most of the transcription of translated genes in the genome) are regulated by large transcription complexes composed of an ordered sequence of transcription factors. These complexes form a unique 3-dimensional arrangement. Changing the order, orientation, or distances between the transcription factors can have a profound effect on the overall structure of the initiation complex. Likewise, the conservation of organization, or promoter frameworks, can help to orchestrate the coregulation of genes (Fig. 1B) .
PROMOTER FEATURES CAN PROVIDE INFORMATION ABOUT THE BIOLOGIC CONTEXT OF EXPRESSION
Gene function has generally been thought to reside in the protein encoded by the gene. But as gene products usually require a series of other gene products to exert their biologic function, the coregulation of genes ensures that physically or functionally interacting proteins can appear together as a functional complex. For example, enzymes within a pathway interact functionally via the substrate but do not necessarily come into physical contact with each other. Genes expressed within the same biological context often share promoter modules/frameworks (1, 4, 5) . As demonstrated on the RANTES/CCL5 example below using experimentally confirmed data, bioinformatics analysis can be used to expand our understanding of the biologic context of gene expression.
COMPARATIVE PROMOTER ANALYSIS
To date, the information gained from expression arrays has been used to reconstruct regulatory networks in a Boolean style (21) . For example, it can be determined that gene X regulates gene Y positively or gene Z negatively. Though important, these analyses do not reveal how this regulation is achieved.
DNA expression arrays provide information about the RNA expression levels of genes at the time of analysis. By applying promoter analysis procedures it is possible to group coregulated genes based on their promoter organization. Cluster analysis of DNA array experiments provides the input data (22, 23) . By starting with these groups of coexpressed genes it is possible to derive organizational models essentially equivalent to the modules and frameworks derived functionally (22, 23) . Once the corresponding promoter sequences for the clustered cDNAs have been obtained, bioinformatics tools designed to sort through matrix libraries can generate potential models of the organization of transcription factors within the various promoter regions and in this way generate candidate promoter frameworks (22, 23) . The end result is essentially a reverse approach to that seen in the example of the RANTES promoter; a pattern of binding sites that is common to the compared promoter sequences can be identified whereas unrelated binding sites exhibit a random occurrence within these promoters.
This approach provides a powerful method for characterizing regulatory features of genes by linking them via promoter structures. Once a module or framework has been identified, it can then be used to construct a model to search for potential coregulated genes not found on the array analogous to what is presented below for the RANTES example. This can be an informative approach when attempting to identify or characterize additional target genes that may be affected within the context of an experiment. In this regard, it is important to consider the difference between coregulated as opposed to coexpressed genes. Coexpressed genes that are not coregulated may not necessarily share these promoter features.
THE RANTES/CCL5 PROMOTER: AN EXAMPLE OF PROMOTER FLEXIBILITY
The concepts detailed above can be illustrated using the promoter for the chemokine RANTES/CCL5. RANTES is involved in inflammatory protective reactions to tissue damage, infection, or foreign substances (24 -26) . Inflammation is a complex biological process that leads to the coordinated regulation of diverse sets of genes depending on where and how the stress occurs. RANTES/CCL5 is a member of the -CC-subfamily of chemotactic cytokines (chemokines) (27, 28) . This protein is expressed in a variety of tissues in response to different stimuli and plays diverse roles in inflammatory processes (27) . The active promoter for the human RANTES/CCL5 gene has been functionally characterized in T cells (29 -32) , monocytes (17, 18) , astrocytes (33) , and mesangial cells (C. Zischek, unpublished results; 34). Individual cell type-specific transcription factors and binding elements were determined empirically by conventional molecular analysis, including DNase I protection assays, promoter-reporter gene transfection assays, site directed mutagenesis of elements in promoter-reporter gene assays, electrophoretic mobility shift assays (EMSA), EMSA competition, and EMSA supershift analysis. Transcriptional control of human RANTES/CCL5 appears to be mediated to a significant degree through six functionally characterized short regulatory elements (4, 31, 34) . Figure 2 shows a summary of the individual control elements functionally identified as important for tran- scriptional control of RANTES/CCL5 in the four cell types studied. The six regions are not all functional in each of the cell types analyzed and the individual elements often contain overlapping binding specificities for different classes of transcription factors. Thus, different transcription factors can bind the same region in different tissues (4) . This differential binding can be due to the level of expression of a given factor in a given tissue, alternate signal transduction cascades, and/or the transcription factor partners available for specific interaction (e.g., module formation). Promoters are dynamic switches, and the individual modules and frameworks used in a specific promoter can differ between different cell types that express the same gene. The promoter for RANTES/CCL5 is an excellent example of the flexible and complicated nature of promoters.
A series of promoter modules has been determined to be functional in specific cell types for the RANTES promoter (17, 18, 29 -32, 34, 35) (C. Zischek, unpublished results). Examples of the various empirically defined promoter modules active in the different cell types in response to specific stimulation are shown in Table 1 and 
MODELING AFTER IDENTIFICATION OF PROMOTER FEATURES: IDENTIFICATION OF TARGETS
Promoter modules and frameworks are important in mediating tissue and signal-specific transcriptional responses. They tend to be conserved through evolution and appear to act independently, i.e., several functional modules may exist within a single promoter and may physically overlap to the extent of shared binding sites. Computer models representing the specific organization, distance, and orientation of the individual elements that make up the module/framework can be constructed and used to search databases for promoter sequences that show a similar organization (36) . In this example, individual models that use distance parameters and optimized transcription factor matrices for the functionally identified factors important for transcription based on the experimentally verified binding sites of the RANTES promoter were used to search databases to detect other promoters that share the same functional organization (4, 18) . The results typically yield a set of promoters, a subset of which show coregulation with the starting gene.
The groups of ordered elements shown in Table 1 were used to derive overlapping cell type-specific submodels in silico (Fig. 3) . The first models were constructed using experimentally verified information about individual binding factors and their corresponding binding sites within the RANTES/CCL5 promoter, represented by weight matrices as defined by analysis with MatInspector (for reviews about weight matrix detection methods, see refs 37-39). The relative order, distance between binding elements, and their strand orientation were determined from the original human RANTES/CCL5 promoter sequence. The scoring algo- a The specific transcription factors that bind to the overlapping binding sites within the functional regulatory elements in the RANTES/CCL5 promoter can vary between the different cell types that express the gene. This information was used to construct a series of models describing the cell and signal specific regulation of RANTES transcription in the various cell types (see text for modeling criteria).
rithm ModelInspector (14, 36) combines matrix similarity measures of individual binding sites into a summary model score that was used to search individual databases. The individual models were started with default matrix similarity thresholds that were generally lower than the scores found with the human RANTES/ CCL5 promoter sequence. All promoter modeling and subsequent database searches were carried out with the GEMS Launcher 1.0 software package, Genomatix Software GmbH, Munich (for more information about the tools and availability, see http://www.genomatix.de).
The four tissue-associated promoter models were used to search the human, rodent, "other vertebrate," and "other mammalian" sections of the "EMBL Nucleotide Sequence Database" of the European Bioinformatics Institute (Release 66, http://www.ebi.ac.uk/ embl) and the "Eukaryotic Promoter Database" of the ISREC (EPD, http://www.epd.isb-sib.ch) (40) . Matches to the various models were restricted to those occurring within annotated promoters or associated with 5Ј untranslated mRNA regions to facilitate evaluation.
The group of promoters identified for each model was then manually inspected for genes either previously characterized as coregulated with RANTES/CCL5 or genes generally associated with inflammation. These subgroups of promoters were subsequently used as refined training sets of sequences (from 4 to 10) to increase the selectivity of the models by tuning the distance ranges and matrix thresholds to more easily recognize the promoters within the set. As all of these sequences were already identified by the model-based search, they did not change the overall search results qualitatively. The final search results using the four models identified a combined total of 48 promoter matches ( Table 2) .
ACTIVATED MESANGIAL CELL MODEL
Mesangial cells are smooth muscle-like cells found within the glomerulus of the kidney. The results of searches for the RANTES/CCL5 promoter/mesangial cell model (Fig. 3) showed 21 promoter matches containing a similar organization of transcriptional elements ( Table 2) . Most of these genes can be categorized as inflammatory or kidney/smooth muscle related, and many appear to be functionally related. Dipeptidyl dipeptidase type IV is an endopeptidase expressed after TNF-␣/␥-IFN stimulation of mesangial cells (41) . This protease uses RANTES/CCL5 as a substrate and "tunes" the bioactivity of RANTES/CCL5 through post-translational processing (42) . The cleavage product generated is a potent antagonist for several of the RANTES/CCL5 receptors (42) . Angiotensin II induces RANTES/CCL5 expression in glomerular cells and inhibits expression of interleukin 1␤ (IL-1␤) -mediated nitric oxide production in mesangial cells (43) . IL-1␤ stimulation, in turn, up-regulates nitric oxide synthase expression in vascular smooth muscle cells (44, 45) . Nitric oxide can suppress the angiotensin II induced migration of smooth muscle cells (46) and superoxide dismutase will inhibit iNOS expression in mesangial cells (47) .
Most of these genes have already been described as being expressed by renal tissues (e.g., endothelial cells, podocytes, or tubular epithelial cells) during inflammatory processes. This may represent an example of "functional context," where the functional framework identified in the RANTES/CCL5 promoter used by activated mesangial cells forms the basis for aspects of orchestrated gene regulation seen within microenvironments of the kidney (4).
T CELL-DERIVED MODELS
Most of the promoters identified using the RANTES/ CCL5 T cell model (Fig. 3) represent genes expressed by activated T cells (Table 2 ). Programmed death-1 gene (PD-1) is expressed upon T cell activation and is thought to play an inhibitory role in immune responses. Members of the B7 family are ligands for PD-1. This family of costimulatory and inhibitory receptors and their corresponding ligands play a critical role in the modulation of immune processes and tolerance (48) . Members of the Bcl-2 protein family such as Bim can trigger the apoptosis of T cells. Bim is thought to be required for hematopoietic homeostasis and may act as a barrier to T cell-mediated autoimmunity (49) . Human cationic antimicrobial protein 18 (CAP18) is ex- (12, 13) based on functional analysis of the RANTES/CCL5 promoter. The search results were filtered for sequences with promoter annotation. Accession numbers for the sequences and the model scores are given in parentheses. The maximum model score of 100 would be reached if all the elements showed a perfect match for the corresponding weight matrix. pressed by T cells 5 days after stimulation with IL-2 (50). This antimicrobial peptide can mobilize leukocytes in host defense, and cleavage products of CAP18 show chemotactic activity for polymorphonuclear leukocytes and CD4 T lymphocytes (50) . The urokinasetype plasminogen activator (u-PA)/plasmin system plays important roles in promoting T cell migration and invasion as well as activation and proliferation (51) . The activation and translocation of protein kinases such as PKC␣ are key events in the regulation of T lymphocyte activation, proliferation, and function (52) . The suppressor of cytokine signaling 3 (SOCS-3) is a T helper lineage marker and has been implicated in the negative regulation of several cytokine pathways, particularly the receptor-associated tyrosine kinase/signal transducer and activator of transcription (AK/STAT) pathways of transcriptional activation (53) . Serum amyloid A 1 is synthesized in response to inflammatory cytokines and represents a sensitive indicator for assessing inflammatory activity, for example, during viral infection or allograft rejection (54) .
IL-1 ␤-STIMULATED ASTROCYTE MODEL
The single largest group of promoters identified using the RANTES/CCL5 astrocyte cell model (Fig. 3) was other chemokine promoters (Table 2) . Chemokines represent a large family of proteins (27, 28) . Rather than acting as single factors, proinflammatory chemokines are thought to be regulated in coordinate groups, which in turn activate common chemokine receptors (27, 28) . Four chemokine genes (including RANTES) were identified in the analysis of the astrocyte model (Table 2) . Of these, eotaxin shares a receptor (CCR3) with RANTES (27, 28) . The chemokine IP-10 can selectively recruit similar T cell subpopulations (27, 28) . Murine Gro and rat KC are CXC chemokine orthologs that are important in the control of acute inflammatory events (4, 27) .
Stromal interaction molecule 1 (STIM1) was also identified in this search and is a type I cell surface transmembrane glycoprotein implicated in tumor growth control and stromal-hematopoietic cell interactions (55) . Astrocytes have been shown to express the androgen receptor (56) .
MONOCYTE/LPS MODEL
Only four genes were identified with the monocyte/ LPS model ( Fig. 3 ; Table 2 ). One of these was a phospholipid transfer protein. Plasma lipoproteins are linked to the biologic response to bacterial LPS. The movement of LPS from leukocytes into lipoproteins is thought to help attenuate host responses to LPS in vivo (57) . The promoter for the murine chemokine MIP-2 was also identified with this search. This chemokine is important in mediating early inflammatory events and may represent a functional ortholog to human RAN-TES in some biologic conditions (4, 58, 59) . MIP-2 is also up-regulated in monocytes in response to LPS (4, 60) .
The analysis of promoters for organizational features provides a link between the genomic nucleotide sequence and important aspects of gene regulation and expression.
CONCLUSIONS
The focus of bioinformatics has begun to extend from the identification of genes toward understanding how the expression and regulation of genes is orchestrated on a genomic level. The regulation of gene transcription is based in large part on the interaction between transcription factors and the genomic regulatory regions of genes within the genome. A given transcription factor can have different effects on different promoters. The information governing how transcription factors influence gene expression is laid down in the regulatory genomic sequences, not in the proteins themselves, and thus a tremendous amount of information can be mined from regulatory regions. Linking the results of functional analysis of gene regulation can allow rapid identification of a series of potential coregulated genes and thus facilitate target gene characterization and identification. Application of these methods to the analysis of coordinated gene expression by largescale mRNA/cDNA screening systems (DNA arrays and chips) can identify the organizational features of promoters responsible for these expression patterns and provide information about the regulatory networks at work in the cell. Computer modeling of promoter organization is an important new tool in the study of transcriptional regulation and promoter regulatory network by quickly identifying potential regulatory regions and providing information about the functional context of gene expression.
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